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rainfall forecasting was produced with a lead time of 96 hours (other results of lead times 288 such as 24, 48 and 72 h have also been calculated (Li et al., 2017) ). (5) The WRF QPF results 289 were evaluated and revised by comparing the rainfall data from the rain gauges. 290
The WRF QPF parameters were set according to the following configurations: (1) The 291 single-moment, 3-class microphysics parameterization is used in this study (Hong and Lim, 292 2006) . (2) The Yonsei University (YSU) planetary boundary layer scheme and the Fritsch cumulus parameterization (Kain, 2004 ) are adopted to optimize the cumulus 294 parameters. (3) Other physics schemes for the model parameters used in this paper include the 295 Goddard scheme (Chou and Suarez, 1994) , Rapid Radiative Transfer Model (Mlawer et al., 296 1997 ) and the NOAH scheme (Ek et al., 2003) . More details on the WRF QPF model and its 297 parameter settings can be found in the research results of previous studies (Li et 
PERSIANN-CCS QPEs

300
The PERSIANN-CCS QPEs (Yang et al., 2004 (Yang et al., , 2007 , which is developed based on the 301 PERSIANN prototype system (Hsu et al., 1999); this system is a next-generation rainfall 302 estimation system based on geostationary satellites that use computer imaging technology and 303 pattern recognition technology. The PERSIANN-CCS QPE system was based on 304 geostationary infrared imagery and daytime visible imagery (Soroosh et al., 2000) . The 305 system is automated for estimating precipitation through the use of satellite remote sensing 306 technology. The parameters of the PERSIANN system could be optimized efficiently by a 307 self-adaptive artificial neural network (Yang et al., 2007) . 308
The model setup, parameter optimization and rainfall estimation procedures of 309 PERSIANN-CCS (Hsu, 2007; Li et al., 2017) can be found in operating manuals and user 310 guides from http://chrs.web.uci.edu/projects_nasa.php, last accessed: 15 April 2019. However, 311 in practical application, the PERSIANN-CCS QPE model does not have to be built to obtain 312 the rainfall data in a particular study area. Worldwide products of QPEs based on the 313 PERSIANN-CCS including the rainfall results in this paper could be easily downloaded at no 314 cost from http://cics.umd.edu/ipwg/us_web.html, last accessed: 18 March 2019. Therefore, 315 the rainfall data from the PERSIANN-CCS QPEs could be obtained expediently in karst areas 316 where rain gauges are usually lacking. 317
The specific operational steps for the PERSIANN-CCS QPEs in this study area are as 318 follows: (1) Determine the time and scope of the study area, i.e., the rainfall occurrence and 10 30 min and a spatial resolution of 0.04°×0.04° (Yang et al., 2007) . The spatial resolution was 325 downscaled to 200 m×200 m using a downscaling method (Fan et al., 2017) to suit the 326 resolution of the Karst-Liuxihe model in this paper. The time interval was changed to 1 hour. 327
Forecasting and evaluation of the precipitation results
328
There are total of 66 rain gauges, 156 grid gauges of WRF QPF and 131 grid gauges of 329 PERSIANN-CCS QPEs in this study area, respectively. These grid gauges can cover the 330 entire basin (as shown in compared and revised in this study by using the observed precipitation data of rain gauge. 335
The forecasting, estimation and comparison of the rainfall results by the 3 precipitation 336 products, i.e., the WRF QPF model, the PERSIANN-CCS QPEs, and the rain gauge 337 precipitation are shown in Figs. 3, 4, 5, 6 and 7, respectively. 338 line here is drawn to compare the rainfall results of the 2 weather models and the rain gauge 348 precipitation, respectively. 349
According to the results shown in Figs. 3-7, the rainfall distributions appeared to be quite 350 similar with WRF QPF, the PERSIANN-CCS QPEs, and observed precipitation by rain gauge. 351
Especially from Figs.3-7 (d) and (e), the 2 precipitation plots, i.e., WRF QPF and the rain 352 gauge precipitation, PERSIANN-CCS QPEs and the precipitation by rain gauge were very 353 closely distributed around the 45-degree lines, meant the distribution of these 3 rainfall 354 products were close to one another. However, a relative error of the 3 rainfall products cannot 355 be ignored. The results from the WRF QPF were larger than those from the rain gauges, while 356 the PERSIANN-CCS QPEs were smaller, which meant that relative errors exist between the 357 weather model precipitation values and the rain gauge precipitation. 358
To further quantitatively evaluate and compare the rainfall results of the 2 weather 359 models with the rain gauge precipitation, the average precipitations of the 3 rainfall products 360
were listed in Table 1 . 361 The average relative errors were 17% and -14% for WRF QPF and PERSIANN-CCS 372
QPEs, respectively. These errors are considerable relative errors and cannot be ignored. 373
Therefore, an effective method should be used to reduce these relative errors and make the 374 rainfall results by the 2 weather models more credible and receivable. 375
Postprocessing of the 2 weather models
376
To make the quantitative values of the rainfall results from WRF QPF and PERSIANN-377 CCS QPEs closer to those of the observed precipitation by rain gauge, which means to make 378 the forecasting rainfall results are more credible, the precipitation products according to the 2 379 weather models were revised using the rain gauge precipitation that was considered as the 380 true precipitation of the basin. The procedures of postprocessing the 2 precipitation products 381 are as follows. QPEs and WRF QPF closer to the observed rainfall results by rain gauges, which can largely 400 reduce the systematic errors of the 2 weather models. Therefore, the revision method 401 described in this study was feasible. After the postprocessing, the precipitation products based 402 on the 2 weather models were fed into the Karst-Liuxihe model to validate the model's 403 feasibility in karst flood events simulations and forecasting in the study area. 404 
Hydrological model
Karst-Liuxihe model
424
The Liuxihe model prototype is a terrestrial hydrological mechanism model, which is 425 particularly useful in rainfall-runoff and confluence calculations, as the model performs well 426 in forecasting the river surface. To be suitable for karst basins, the structure of the Liuxihe 427 model should be improved to effectively adapt to the complex karst hydrogeological 428 conditions, which involves adding the karst mechanism to the model. A new distributed 429 hydrological model in this study, the Karst-Liuxihe model, was proposed on the prototype of 430
Liuxihe model to simulate and forecast the karst flood events. The process of improving the 431 structure of the Karst-Liuxihe model is summarized as follows. 432
Make the karst water-bearing media simplification in the model 433
In general, the karst hydrological process is hard to accurately forecast using a 434 hydrological model due to the complicated and anisotropic hydrogeological conditions of the 435 karst aquifers. Therefore, the water-bearing media in the karst aquifer must be effectively 436 simplified before building the model. First, the karst underground river system was 437 generalized into a multiple spatial structure in the model, where the water movement rules of 438 the underground river could be intelligible and computable. Second, the groundwater 439 movement patterns are divided into slow flow and rapid flow in the model. Slow flow mainly 440 exists in the tiny karst fissures, and rapid flow mainly occurs in wide karst cracks, conduits, 441 sinkholes and the underground river. Atkinson (1977) noted that when the width of the karst 442 fissure exceeds 10 cm, the water flow in the karst water-bearing medium is a non-Darcy flow, 443
i.e., turbulence with a rapid speed. The 10-cm width of the karst fissure was treated as a 444 threshold in this study, and when the width exceeded 10 cm, the groundwater movement 445 pattern was divided by the rapid flow. Otherwise, the flow was slow flow. In fact, a threshold 446 of 10 cm is sufficient in terms of contribution to flooding, especially for such a large study 447 area (5.8×10^4 km 2 ). 448
Refine model structure and divide into KHRUs 449
The entire study area would be divided into a lot of grid cells by the high-resolution 450 14 karst aquifer and water-bearing media in karst basins, the model structure must be fine 453 enough to meet the flood simulation and forecasting requirements. Therefore, the karst 454 subbasins can be further divided into many KHRUs using GIS technology combined with the 455 karst landform in this paper, and the spatial variations in the karst subbasins can be subtly 456 described. Each KHRU had its own model parameters, and calculations of the entire karst 457 hydrological process, including calculations of precipitation, evapotranspiration, rainfall-458 runoff and confluence, are independent of each other in each KHRU. This type of multiple 459 spatial structure in the model could effectively make maximum use of the limited 460 meteorological and hydrogeological data. In the vertical structure of the KHRU in the Karst-461
Liuxihe model, there are 5 layers, including the vegetation cover, the soil layer, the epikarst 462 zone, the bedrock layer as well as the underground river. Water movement and exchange 463 rules between the karst fissure and conduit in the epikarst zone were reasonably considered in 464 this study. model of the KHRU that is built in our laboratory, which is used to observe the slow and 470 rapid flows transfer into the karst fissures and conduits more intuitively. This process may be 471 necessary and helpful for modelling. 472
Increase the calculation of water movement rules in the karst aquifers 473
There is no module to address the water movement rules in the epikarst zone in the 474 Liuxihe model prototype. In the Karst-Liuxihe model in this study, the karst aquifer system 475 was divided into karst fissure and conduit systems, in which the water movement rule was 476 divided into slow flow and rapid flow. The 10-cm width of the karst crack is a threshold 477 (Atkinson, 1977) ; when the width exceeds 10 cm, the water movement pattern is divided by 478 the rapid flow. Otherwise, the flow is the slow flow. The karst fissure systems were mainly 479 the rock matrix and some small fissures, while the conduit systems include the wide fissures 480 and conduits as well as the karst shaft, sinkhole, and underground river during the floods. The 481 water movement was slow in the small karst fissure system and obeys Darcy's law. Therefore, 482 in the Karst-Liuxihe model, the system was generalized to an equivalent porous medium. A 483 3-dimensional equation of groundwater motion was used to describe the slow flow: 484 32 32
where Q is the water flow of the laminar flow, m 
where Q is the water flow of the turbulent flow, m 3 s
; f is the friction factor, dimensionless 
where ,, 
Add some necessary hydrogeological parameters to the model 524
In the original Liuxihe model, there are 14 parameters that require optimization, and 525 after adding the karst mechanism and especially by adding some necessary hydrogeological 526 parameters in the Karst-Liuxihe model. Then, the parameters were increased to 20, and 527 among them 18 need to be optimized. The remaining 2 parameters were the flow direction 528 and slope, which can be directly calculated from the high-resolution DEM data. 529
These added parameters could represent the underground water movement rules in the 530 epikarst zone and the underground river. The 6 added parameters are the macro crack volume 531 ratio, V; the permeability coefficient, K; the specific yield of the aquifer, χ; thickness of the 532 karst aquifer, h; depletion coefficient, ω; and channel roughness, n1. The parameters added 533 into the Karst-Liuxihe model will inevitably lead to uncertainties in the model during flood 534 simulation and forecasting, so the parameter sensitivity must be effectively analysed and 535 evaluated. In this study, a parameter sensitivity analysis method, known as the multiparameter 536 sensitivity analysis (MPSA) by Choi (1999) 
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The existence of false pits is due to wrong data and systematic errors of DEM itself. These 543 false pits need to be reasonably filled before building the coupled model. Because there are 544 karst depressions and sinkholes in the karst areas, which cause true pits to exist, the model 545 retained these true pits, including the depressions and sinkholes. These true pits in the study 546 area play an important role in the flood transmission process and can be found through a field 547 survey. Due to the detention effect and peak clipping in the karst depressions, the 548 hydrological process is delayed, especially for the flood peak flow. This effect must be 549 considered in the coupled model, which can make a better performance for the model in karst 550 flood events simulations and forecasting. Before building the model, whether there exists a 551 detention effect and peak clipping in the karst depressions and sinkholes in the study area is a 552 key factor. If so, the storage capacity and size of these pits must be determined by a field 553 survey during floods. The capacity can be deduced according to the water level, and the 554 amounts of stranded floods near the pits must be considered in the water balance calculation 555 in the model. The specific calculation steps in the coupled model are shown below. 556 1. First, the limit discharge capacity of the underground river entrance in the study area, i.e., 557
Qmax, was deduced through a field investigation and monitoring. 558 2. Then, the water inflow from the entrance of the underground river, i.e., Qin, can be 559 calculated through the coupled model. 560 3. The relationship between Qin and Qmax was compared to determine whether the flood 561 detention phenomenon was generated. 562
If Qin > Qmax, the flood detention phenomenon is generated, and then, the flow of the 563 underground river outlet, Qout= Qmax is generated. The water storage of the flood detention 564 from the entrance of the underground river, Qs, is as follows: 565
where Qs is the water storage of the flood detention during this period, m In this study, the entire karst basin was divided into 1,469,900 KHRUs in the Karst-576
Liuxihe model using the 200 m×200 m high-resolution DEM data. There were 6,696 river 577 cells and 1,463,204 hill slope cells. The river system was divided into a 4-order stream based 578 on Strahler's method, which is shown in Fig. 1a . The KHRU in the coupled model (Fig. 8) , 579 which is the smallest unit, was proposed to effectively reflect the complicated 580 hydrogeological condition of the underlying surface and karst aquifers. All the hydrological 581 processes, including evapotranspiration and rainfall-runoff, confluence as well as the 582 parameter optimization, were calculated on this KHRU and because the KHRU was 583 completely physically-based, the differences in the complex hydrogeological characteristics 584 of karst aquifers could be truly reflected. Therefore, the model effect and performance in karst 585 forecasting could be reliably improved in this way. 586
After division of the KHRUs, i.e., model setup was finished, the postprocessed WRF QPF 587 and the PERSIANN-CCS QPEs results were fed into the Karst-Liuxihe model to validate its 588 feasibility in karst floods simulations and forecasting. 589
Parameter optimization 590
There are 20 parameters in the Karst-Liuxihe model, and among these parameters, 18 591 needed to be optimized. In this study, an improved PSO algorithm, mainly the algorithm 592 parameters, were revised to improve the performance and convergence efficiency (Chen et al., 593
2016); this improvement can largely improve the accuracy of the coupled model in flood 594
simulations and forecasting in a karst basin. The observed rainfall and karst flood event data 595 as well as the hydrogeological data of the karst underlying the surface and aquifer were 596 adopted to optimize the parameters of the Karst-Liuxihe model in this paper. These data were 597 fully physically-based that can describe the complex karst water-bearing medium effectively. From the parameter evolution results in Fig. 9 , the parameter evolution process began very 614 volatile, and after a few cycles, approximately 20 times, the evolution leveled off and held 615 steady after 40 cycles, which signified that the parameter optimization had converged. The 616 thickness of a lines in Fig. 9 indicates the sensitivity of the parameters, and the thicker the 617 line is, the more sensitive the parameter will be. The sensitivity of the parameters will be 618 elaborated upon in the next section of the paper (section 6.2). The karst floods simulation 619 effects based on parameter optimization were drawn in Fig. 10 , and the evaluation indices of 620 the flood simulations were listed in Table 2 . 621 Table 2 . These indices were also the best for modelling flood 629 2008060900. Therefore, flood 2008060900 was finally used for the parameter optimization. 630
The reasonable simulated flood processes based on the improved PSO algorithm for the 631 coupled model were suited the practically observed values very well (as shown in Fig. 10 and 632 Table 2 ), which implied that the parametric optimization method in this study, i.e., the 633 improved PSO algorithm was feasible and effective. 634
Model uncertainty analysis 635
The uncertainty analysis of the coupled model in this study could be effectively solved 636 with 3 aspects: 1. Ensure the reliability of the model input data, which include rainfall data, 637 karst flood events, and hydrogeological data. Among these data, the rainfall data can be 638 reliably obtained by WRF QPF and PERSIANN-CCS QPEs; the karst flood events were 639 obtained from the local hydrology department, and the hydrogeological data were obtained 640 through a field survey and tracer testing in the study area. 2. Solve the uncertainty problem of 641 model structure through model structure and function improvement (as shown in section 4.2). 642
Solve the uncertainty problem of the model parameters. 643
The uncertainty analysis of the parameters for the coupled model mainly means the 644 parameters sensitivity analysis in this study. The sensitivity analysis method used in this 645 paper, which is known as MPSA (Choi et al., 1999) , was improved on the Generalized , and n was the observed period numbers, hours. 653 Table 3 shows the results of the parameters sensitivity calculation. In Table 3 , the closer 654 the value of the objective function for the parameter is to 1, the more sensitive the parameter 655 will be. 656 Table 3 . The calculation results of the coupled model parameters sensitivity. 657
From the results shown in Table 3 , the value of the objective function for the parameter-658 saturated water content, θsat was the maximum one. This means that the parameter, θsat is the 659 most sensitive parameter of the Karst-Liuxihe model. The parameter sensitivity is also shown 660 in Fig. 9 . The thickness of the line in Fig. 9 indicates the parameter sensitivity, and the thicker 661 the line, the more sensitive the parameter will be, which can represent the sensitivity of 662 parameters more intuitively. From Table 4 and Fig. 9 , the sequence of parameter sensitivity 663 of the Karst-Liuxihe model was as follows:
The name of these parameters are shown in Table 3 . Table 4 . 692 Table 4 . The evaluation indices of karst floods simulations with the original WRF QPF and 693
PERSIANN-CCS QPEs and their postprocessed values. 694
From Table 4 , all of these 6 evaluation indices with the postprocessed WRF QPF and 695 PERSIANN-CCS QPEs had improved than those with the original 2 weather models. For the 696 WRF QPF, after postprocessing, the average water balance coefficient increased by 8%;the 697 average Nash-Sutcliffe coefficient increased by 3%; and the average correlation coefficient 698 increased by 2%. While the average process relative error decreased by 5%; the average peak 699 flow relative error decreased by 5%;and the peak flow time error decreased by 2 hours, 700 respectively. For the postprocessing PERSIANN-CCS QPEs, the average Nash-Sutcliffe 701 coefficient increased by 5%; the average water balance coefficient increased by 4%; and the 702 average correlation coefficient increased by 4%; While the average process relative error 703 decreased by 5%; the average peak flow relative error decreased by 6%; and the average peak 704 Table 5 . The evaluation indices of karst floods simulations with the 3 precipitation products. 719
From Fig. 16 and Table 5 , the flood processes simulated by the Karst-Liuxihe model 720 using the rain gauge precipitation were better than those of the postprocessed WRF QPF and 721 PERSIANN-CCS QPEs. The rain gauge precipitation can directly reflect the actual rainfall 722 situation in the basin, which is the reason that the rain gauge precipitation, taken as the true 723 value, was used to calibrate the weather models in this paper. However, this kind of 724 precipitation based on rain gauge measurements has no lead time because the rain has fallen 725 to the ground. In addition, there is usually a shortage of rain gauges in karst areas. Therefore, 726 the WRF QPF and the PERSIANN-CCS QPEs were adopted to obtain the effective 727 precipitation in the study area. From Fig. 16 and Table 5 
warnings. 736
The satisfying flood simulated results in Fig. 16 and their rational evaluation indices in 737 Table 5 proved that coupling the 2 weather models with the Karst-Liuxihe model in this paper 738 was feasible and effective for the Liujiang basin. In particular, the flood detention and peak 739 clipping effect of the upstream karst depressions were considered in the coupled model 740 calculation, making the water balance calculation in the model more reasonable and reflecting 741 the actual flood evolution process in the karst area; the average coefficients of water balance/ 742 W for the precipitation by rain gauges, WRF QPF and PERSIANN-CCS QPEs were 0.92, 743
1.07, and 0.89, respectively (as shown in Table 5 ). The water amount is basically balanced in 744 the model. Furthermore, the flood detention effect made the flood peak appear later in reality, 745
and by contrast, the simulated peak flow time came earlier, despite the flood detention effect 746 being considered in the model. The average peak time error, T for the rain gauge precipitation, 747 WRF QPF and PERSIANN-CCS QPEs were -5, -6, and -4, respectively. In some ways, these 748 results provide an extra amount of lead time for flood forecasting. The peak clipping effect 749 considered in the coupled model brought the simulated peak flow value closer to that of the 750 observed value. The average peak flow relative error, E for the rain gauge precipitation, WRF 751 QPF and PERSIANN-CCS QPEs were 4%, 12%, and 8%, respectively (as shown in Table 5 ). 752 
